Abstract. X-linked hypophosphatemic rickets (XLHR; OMIM 307800) is an X-linked dominant disorder caused by mutations in the phosphate-regulating neutral endopeptidase homolog X-linked (PHEX) gene, which is located at Xp22.11. In the present study, two novel variants of the PHEX gene were identified in two unrelated families with XLHR by directly sequencing all 22 exon regions and intron/exon boundaries of the PHEX gene. One missense variant, NM_000444.5: c.1721T>A, was identified in exon 17 of the PHEX gene in Family 1, which led to an amino acid change in the p.Ile574Lys protein. The other splicing variant identified was NM_000444.5: c.591A>G, in exon 5 in Family 2, resulting in a deletion of 77 bp in the 3' site of exon 5 during splicing, which was verified by direct cDNA sequencing of the PHEX gene. According to the results of reverse transcription-quantitative polymerase chain reaction analysis, the affected male with the splicing variant c.591A>G showed normal gene expression of PHEX, whereas the affected female exhibited low gene expression, compared with normal females. Based on these findings, prenatal diagnoses were made for the fetuses with a family history of XLHR using the backup amniotic fluid samples. One fetus without the missense variant was confirmed to be a healthy girl in a follow-up visit 1 month following birth.
Introduction
X-linked hypophosphatemic rickets (XLHR; OMIM307800) is a disorder associated with renal phosphate wasting, which results in hypophosphatemia, growth retardation, abnormal bone mineralization, rickets and osteomalacia (1, 2) . XLHR accounts for >80% of cases of familial hypophosphatemic rickets and occurs in ~1 per 20,000 live births (3) (4) (5) . due to loss of the physiological response to low levels of blood phosphate, patients with XLHR are reported to have normal or low serum levels of 1, 25-dihydroxyvitamin d3 (1,25(OH)2d), a normal serum level of parathyroid hormone, increased activity of serum alkaline phosphatases, and resistance to high doses of vitamin d (6, 7) .
XLHR is caused by variants of the phosphate-regulating neutral endopeptidase homolog, X-linked (PHEX) gene (Nc_000023.11; OMIM:300550), which is located at Xp22.11 and contains 22 exons (8, 9) . According to the Human Gene Mutation database (HGMd professional 2016.4 release), a total of 510 different PHEX gene variants have been identified, among which point variants, including missense/nonsense variants and splicing variants, are the most common and account for 45.09% (230 in 510) of all cases.
The PHEX gene encodes a protein, namely a phosphate-regulating neutral endopeptidase, belonging to the type II integral membrane zinc-dependent endopeptidase family. It consists of an extracellular c-terminal region, a transmembrane domain, and an N-terminal cytoplasmic tail (10) . This protein is predominantly expressed in mineralized tissues, including the calvaria, long bone and teeth, and regulates the synthesis of fibroblast growth factor 23 through indistinct mechanisms (12) (13) (14) (15) . The aberrance of this protein leads to a reduction in renal phosphate reabsorption, partly via a decline in renal proximal tubular cell type II sodium-phosphate co-transporters, and results in abnormal bone mineralization by affecting fibroblast growth factor receptor signaling in osteocytes (15, 16) .
The present study reported on two variants of the PHEX gene in two chinese families affected by XLHR. correlations. Based on the results, it is likely to be possible to provide a prenatal diagnosis and medical suggestions to families carrying affected fetuses.
Materials and methods
Subjects and ethics statement. Two unrelated families, including a total of 23 individuals (nine individuals and one fetus in Family 1; 12 individuals and one fetus in Family 2) from the department of Obstetrics and Gynecology at West china Second University Hospital, Sichuan University (Sichuan, china), were enrolled in the present study. To be specific, the nine members in Family 1 included two affected females and one affected male, and the 12 members of Family 2 included four affected females and two affected males. The present study was performed in the Prenatal diagnosis center of Sichuan Province (Sichuan, china) and was approved by the ethics committee of West china Second University Hospital, Sichuan University. The two families provided written informed consent prior to collection of blood samples, pedigree structures and clinical data. Fetal dNA was acquired from backup amniotic fluid samples, which were used for fetal chromosome analysis at the Prenatal diagnosis center of Sichuan Province. The family trees are shown in Fig. 1 .
The proband from Family 1 was a 28-year-old pregnant woman with a family history of rickets, who was short in stature (146 cm) and presented with lower-extremity bowing. The T-score of her left foot was-2.0, demonstrating decreased bone mineral density (normal: T-score>-1; decreased: -1> T-score>-2.5; osteoporosis: T-score<-2.5). The X-ray of her lower extremities indicated knock knees, and a bilateral bowed femur, tibia and fibula ( Fig. 2A) . The patient had a low serum phosphate level (0.64 mmol/l), normal serum calcium level (2.05 mmol/l) and normal serum alkaline phosphatase (328.8 U/l). despite the lack of laboratory tests and X-ray images of the proband's brother and sister, both were short in stature and had lower-extremity bowing, indicating the probability that they had XLHR.
In Family 2, the proband was a 9-year-old boy, who also had signs and a family history of rickets. He was reported to be 110 cm and 35 kg, complained of spontaneous dental abscesses and had only three saprodontias in his mouth. An X-ray of his limbs (aged 4 years old) showed decreased bone mineral density, enlargement of the long bones, rough metaphysis with a cup-shaped change, uneven density of his bilateral distal femoral ossification centers, a narrowed collodiaphyseal angle and knock knees, suggesting active rickets (Fig. 2B) . The boy had a low serum phosphate level (1.20 mmol/l), normal serum calcium level (2.20 mmol/l) and elevated serum alkaline DNA and RNA preparation. For the adults and children, genomic dNA was extracted from peripheral whole blood samples, and fetal dNA was isolated from amniotic fluid using the Gentra Puregene Blood kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's protocol. RNA was carefully obtained from the peripheral blood mononuclear cells using TRIzol reagent according to the manufacturer's protocol; these cells were isolated from the peripheral whole blood samples using Ficoll-Hypaque density gradient centrifugation at 800 x g for 20 min. DNA was stored at -20˚C prior to use, and RNA immediately underwent reverse transcription polymerase chain reaction (RT-PcR) analysis following isolation.
Variant screening of the PHEX gene. To determine the PHEX gene variants, all 22 exons of the PHEX gene in the proband were initially amplified, followed by sequencing of the amplification products. Once a variant of the PHEX gene was identified in proband, DNA samples of the remaining healthy and affected family members were screened for this variant. Finally, the fetal PHEX gene was assessed only when the variant site was verified in all affected family members.
Information on the PHEX gene was obtained from the online NcBI database (https://www.ncbi.nlm.nih.gov/pubmed; RefSeq NM_000444.5). In total, 22 pairs of primers were designed for PCR amplification of all 22 exon regions and intron/exon boundaries of the PHEX gene using an online tool (http://www.yeastgenome.org/cgi-bin/web-primer). The sequences of the primers are listed in Table I . The PcR conditions were as follows: 95˚C for 3 min, 95˚C for 30 sec, 72˚C for 1 min (34 cycles) and 72˚C for 5 min. The PCR products were submitted to Sanger sequencing on an automated ABI PRISM 3130 sequencer (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and were then prepared with the Bigdye Terminator v3.1 cycle Sequencing kit (Applied Biosystems; Thermo Fisher Scientific, Inc.).
All sequencing results were aligned with the referenced PHEX gene sequences from the NcBI databse using the online Pairwise Sequence Alignment tool (www.ebi.ac.uk/ Tools/psa/emboss_water/nucleotide.html). To predict the outcomes of variants, the SIB Bioinformatics Resource Portal database (http://www.expasy.org/), the Human Gene Variant database (http://www.hgmd.cf.ac.uk) and the PolyPhred database (http://droog.gs.washington.edu/polyphred/) were used. Additionally, to search for the suspected aberrant splicing variants, Alamut ® Alamut Interactive Biosoftware (version 2.9.0; Rouen, France) was used, which contains the four algorithms SpliceSiteFinder, MaxEntScan, NNSplice and GVGd.
RT-PCR analysis. The aberrantly spliced transcripts were verified by sequencing the entire cDNA of the PHEX gene. An initial cdNA strand was obtained from RT-PcR of total RNA using the RT reagent kit with gdNA Eraser (Takara Biotechnology Co., Kyoto, Japan) under the condition: 37˚C for 15 min and 85˚C for 5 sec. A total of 2 µl cDNA product was then used as a template to amplify the four overlapping fragments with the four pairs of primers. Primer sequences are listed in Table I . The PCR conditions were as follows: 95˚C for 3 min, 95˚C for 30 sec, 72˚C for 1 min (34 cycles) and 72˚C for 5 min. The final PCR products were sequenced and aligned with the coding region of the referenced PHEX gene from the NcBI database.
RT-quantitative PCR analysis.
To examine the fold changes in the gene expression of PHEX affected by the suspicious abnormal splice donor site in Family 2, semi-quantitative analysis of the gene expression of PHEX in the proband and that of his affected mother was performed through qPcR analysis using the cdNA, which was derived from the peripheral blood total RNA. The samples were prepared with 10 µl of SYBR-Green Master mix (Thermo Fisher Scientific, Inc.) and 0.25 µl of primers (forward 5'-TTC GCT TGT GAT GGC TGG AT-3' and reverse 5'-cTG TAT GGc TTc GGT GTc cc-3') in a final reaction volume of 20 µl. The samples from one normal male and one normal female were used as controls, and the GAPdH gene was used as an internal reference gene. The RT-qPcR analysis was performed under the following conditions: 95˚C for 5 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 30 sec, with a final extension at 72˚C for 5 min. The 2 -ΔΔcq method was used to assess the relative changes in the gene expression of PHEX according to the standard procedure (17) .
Results
Variant screening. The PHEX gene is the only gene in which pathogenic variants known to cause XLHR have been reported. Therefore, the present study primarily focused on examining the PHEX gene in the two families. By directly sequencing all 22 exons and the intron/exon boundaries of the PHEX gene of the proband, two separate point variants were identified.
For the proband in Family 1, a novel missense heterozygous variant c.1721T>A in exon 17 was found, which resulted in a change of the 574th amino acid from isoleucine to lysine, p.574Ile>Lys. The sequencing results of exon 17 in the remaining affected family members verified the variant in this pedigree: A single peak (A) in the affected male (II 1 ) and heterozygous peaks (A/T) in the affected female (II 6 ) as males receive only one copy of the X chromosome. This PHEX gene variant was not found in healthy family members. Therefore, it was observed that individuals showing clinical symptoms of XLHR had this variant, whereas the healthy individuals did not. However, the proband's grandmother (I 2 ) reported no complaints of any signs of clinical rickets, and gene analysis showed no variant in the PHEX gene. Subsequently, the present analyzed 15 short-sequence tandem repeat regions on chromosomes 21, 18,13, X and Y of the grandmother (I 2 ) and her four children (II 1, II 3, II 4 and II 6 ) via RT-PcR analysis, and found the healthy grandmother (I 2 ) was their biological mother, suggesting the possibility of the gonadal mosaicism in the grandmother. In Family 2, the sequencing results of the PHEX gene of the proband showed a point variant c.591A>G in exon 5, which caused no change in the amino acid sequence (p.197, glutamic acid). This variant was also observed in the other affected family members, including four females (II 2, II 3, III 2 and IV 4 ), one male (III 4 ) and the fetus (IV 2 ). The affected females showed heterozygous peaks (A/G) at this site and the affected male showed only one peak (G), whereas the healthy females showed homozygous peaks (A) and the healthy male showed one peak (A). This variant was only detected in the affected male and female family members, and the inheritance patterns of the disease appearing in this pedigree strictly followed X-linked dominant inheritance. It was hypothesized that this variant likely originated in the proband's great grandfather, who had similar rickets symptoms according to his children's recall, although it is difficult to make definitive conclusions as the man had passed away. All sequencing results are shown in Fig. 3 .
Pathogenicity analysis of variants. In Family 1, the c.1721T>A variant resulted in the 574th amino acid of the protein (phosphate-regulating neutral endopeptidase) changing from isoleucine to lysine (p.Ile574Lys). This non-synonymous substitution is located at peptidase M13, the c-terminal domain of the protein, which is close to the mental binding (p.580, histidine) and active site (p.581, glutamic acid). According to the Align GVdV prediction (18, 19) , this variant scored 10.12 for Grantham variation and 93.77 for Grantham deviation, and was classified as C55, suggesting likely pathogenicity. Additionally, the SIFT prediction software sorted this variant as deleterious. In conclusion, the variant c.1721T>A of the PHEX gene was identified to cause XLHR in this pedigree, and it was possible that the variant was inherited from the grandmother, who may have had gonadal mosaicism of the PHEX gene. Theoretically, the c.591A>G variant in Family 2, which also encodes for the 197th glutamine residue, did not lead to a change in its amino acid sequence. However, based on the prediction of Alamut Interactive Biosoftware, this synonymous variant resulted in an abnormal splice donor site between c.586 and c.587 in the middle of exon 5, with the remainder of the sequences in the 3' site of exon 5 being cut off during mRNA splicing activity (Fig. 4A) . The Ile in this variant site is highly conserved among 12 different species, suggesting its potential importance to protein function (Fig. 4B) .
Verification of abnormal splice donor site. To determine the effect of the suspected splicing of variant c.591A>G in PHEX gene exon 5 in mRNA, RT-PcR was performed using peripheral blood total RNA for all affected family members from Family 2. The cdNA of the PHEX gene was amplified using the general PcR method, followed by direct sequencing. The sequencing results revealed a 77-bp deletion between c.586 and c.662 of PHEX cdNA in the patients; it occurred in the terminal region (3' site) of exon 5, indicating an abnormal splicing donor site existing in the middle of exon 5 (Fig. 5A) .
Analysis of relative gene expression of PHEX.
To determine the change in the gene expression of PHEX in patients with the c.591A>G splicing variant in Family 2, the present study performed semi-quantitative assessment of mRNA derived from the PHEX gene of the proband and his mother through RT-qPcR. The PHEX gene was located on chromosome X, which causes the differences in expression levels in females and males; therefore, a normal female and normal male were used as controls when assessing the respective gene expression in the affected male (proband) and affected female (his mother). As shown in Fig. 5 , the average 2 -∆∆cq of the proband/normal male and proband/normal female was 1.05 and 0.44, respectively, and that of the normal male/normal female was 0.36, suggesting almost the same PHEX gene expression level in the proband as in normal male. However, the average 2 -∆∆cq of the proband's mother/normal female was 0.43 and that of the proband's mother/normal male was 0.78, whereas the value for the normal female/normal male was 2.77; this indicated that the gene expression of PHEX was downregulated in the proband's mother, compared with that in the normal female. The value was even lower, compared with that of a normal male, who has only one copy of chromosome X. The results of the relative analysis of the gene expression of PHEX are shown in Fig. 5B .
Prenatal diagnosis. Two fetuses, whose mothers were genetically diagnosed with XLHR, received a prenatal diagnosis of the specific PHEX gene variant in their own family. Their DNA was acquired from the backup amniotic fluid and analyzed using direct sequencing. For the fetus (IV 1 ) from Family 1, this sequencing map showed homozygous peaks (T) in the familial variant site (c.1721T>A), indicating that the fetus was unaffected, which was then confirmed by physical and laboratorial examinations post-delivery. For the fetus (IV 2 ) from Family 2, heterozygous peaks (A/G) were observed in its familial variant site (c.591A>G), indicating that it was a female fetus and likely to be affected with XLHR.
Discussion
The present study reported on two unrelated families with XLHR, and identified one point variant of the PHEX gene in each family. Several other types of hypophosphatemic rickets have also been reported, including the autosomal dominant type (OMIM 193100) caused by the abnormal fibroblast growth factor 23 gene (20), and autosomal recessive HR (OMIM 241520) caused by either the ectonucleotide pyrophosphatase/phosphodiesterase-1 gene or dentin matrix protein 1 gene (21) (22) (23) (24) . However, based on the clinical symptoms, biochemical findings and modes of inheritance appearing in the family, the present study focused on the PHEX gene, which is the only causative gene for XLHR (25) . In Family 1, a novel variant NM_000444.5: c.1721T>A involved an the amino acid substitution of p.Ile574Lys was identified. due to their composition, polarity and volume, the moderate physicochemical difference between Ile and Lys is a Grantham distance 102 (26) , which exceeded the average Grantham distance (92.06) for disease-associated variants (27) . considering the highly conserved amino acid Ile in this variation site among 12 species, although no current data is available concerning variant c.1721T>A, it is likely to be pathogenic. The healthy I 2 member of this family had four children; two of whom were affected, including one male (II 1 ) and one female (II 6 ). According to the results of the PcR analysis (data not shown), I 2 was the biological mother of the two affected individuals. Similarly, a father with a somatic mosaic for the PHEX variant has been reported, leaving one of his daughters affected (28) ; indicating the possibility of the gonadal mosaic for her PHEX gene variant.
The present study identified a splice-site variant (NM_000444.5: c.591A>G) in Family 2 with eight affected individuals of both genders. Through direct sequencing of cDNA, an abnormal splicing donor site was identified, which was 5 bp before the variant site; therefore, the aberrant mRNA failed to be translated into an intact protein due to a deletion and an advanced termination codon (TGA) at the 211th codon, which may impair the physiological function of the protein. Therefore, the variant c.591A>G is likely to be responsible for this disease in all members of Family 2. In the present study, it was found that the gene expression level of PHEX in the proband was similar to that of the normal male from the same family, almost half of that of the normal female. However, the expression level in the proband's mother, an affected female, was lower than that of the normal female, and even lower than that of the normal male. A similar expression level of PHEX was observed in another female patient (II 2 ) from the same family. However, the general gene expression level of PHEX in female patients was not available due to the lack of RNA samples of female patients from the same family. The difference in gender may have led to the differences in expression levels of PHEX in the proband and his mother, which resulted from different splicing patterns; an alternative explanation is that it is associated with individual differences, which may explain the phenotypic diversity among patients (29, 30) . Further experiments concerning gene expression regulation may shed light on these results; however, it is difficult to draw clear conclusions from the present study alone.
At present, 75 splicing variants of the PHEX gene have been identified, accounting for 14.70% of the total variants (HGMd professional 2016.4 release), however, none of these occur in exons. Each mRNA is derived from pre-mRNA through a precise splicing reaction, which is one of the pivotal components of gene expression, involving a multi-component machine known as the spliceosome (30,31) . The 5' splice site (5'ss), the 3' splice site (3'ss), and the branch point sequence constitute the three core splicing signals, which are essential to the splicing reaction (32, 33) . It is known that >80% of all 3'ss variants occur in the invariant AG sites of 3'ss ends (34) . Therefore, the pre-mRNA of the PHEX gene in patients contained a c.586gtggtcagta sequence in the middle of exon 5, resembling a 3'ss motif, which can be recognized by the spliceosome, permitting aberrant splicing in exon 5.
XLHR is a lifelong metabolic disease, and patients begin to suffer from renal phosphate wasting at birth. To correct rickets/osteomalacia, radiographic abnormalities and skeletal deformities, treatments for children are required at the onset of diagnosis, continuing until long bone growth is complete (35) . For affected parents with a family history of XLHR, prenatal diagnosis for pathogenic variants of the PHEX gene is important; doing so allows pediatricians to obtain the individual's genetic information, which is valuable for providing an accurate diagnosis and devising a treatment plan. In the present study, two pregnant women (18 weeks gestation) with XLHR were included to obtain a prenatal diagnosis for their babies. The dNA of each fetus was obtained from backup amniotic fluid and the specific PHEX gene variants were assessed. The woman from Family 2, who delivered an affected boy, conceived a baby with the same PHEX gene variant as her own; the woman from Family 1 carried a baby without the PHEX gene variant. The two babies had normal karyotypes (data not shown). Unlike the affected older brother, who received treatments until 4 years of age following diagnosis, the affected baby in Family 2 obtained sufficient medical care according to physical examinations and laboratory tests based on early genetic tests. One aim of prenatal diagnosis is to assist parents in adequately preparing for the affected baby, including financial support and psychological preparation; parents can turn to pediatricians for early treatments as soon as possible, which can be beneficial in terms of reducing disorders, including growth retardation or rickets.
The baby from Family 1 was confirmed to be a healthy girl in the follow-up visit 1 month following birth; however, the fetus from Family 2 had not yet been born, therefore, continued follow-up was planned for the baby from Family 2 following delivery. The follow-up visits for the babies planned to last for 3 years.
In conclusion, the present study reported on two unrelated pedigrees with XLHR and performed genetic analysis of the PHEX gene in the two families. Through direct sequencing of the PHEX gene, one missense variant (NM_000444.5: c.1721T>A) was identified in exon 17 in Family 1, and a splicing variant (NM_000444.5: c.591A>G) was identified in exon 5 in Family 2. The results of RT-PCR analysis verified the aberrant splicing site caused by variant c.591A>G, which resulted in a 77 bp loss in the 3' site region of exon 5 on splicing. In the female patient, the c.591A>G variant led to downregulation of the gene expression of PHEX >2-fold, compared with that in the healthy female. However, this fold change was not observed in the male patient, who exhibited a similar gene expression level of PHEX to that of the normal male. Based on the evidence concerning the genotype-phenotype correlations between the specific variant and XLHR in each family, it was possible to provide a prenatal diagnosis for the fetuses and provide medical suggestions to the affected families.
